Chronic pain after joint replacement is common, affecting approximately 10% of patients after total hip replacement (THR) and 20% of patients after total knee replacement (TKR). Heightened generalized sensitivity to nociceptive input could be a risk factor for the development of this pain. The primary aim of this study was to investigate whether preoperative widespread pain sensitivity was associated with chronic pain after joint replacement. Data were analyzed from 254 patients receiving THR and 239 patients receiving TKR. Pain was assessed preoperatively and at 12 months after surgery using the Western Ontario and McMaster Universities Osteoarthritis Pain Scale. Preoperative widespread pain sensitivity was assessed through measurement of pressure pain thresholds (PPTs) at the forearm using an algometer. Statistical analysis was conducted using linear regression and linear mixed models, and adjustments were made for confounding variables. In both the THR and TKR cohort, lower PPTs (heightened widespread pain sensitivity) were significantly associated with higher preoperative pain severity. Lower PPTs were also significantly associated with higher pain severity at 12 months after surgery in the THR cohort. However, PPTs were not associated with the change in pain severity from preoperative to 12 months postoperative in either the TKR or THR cohort. These findings suggest that although preoperative widespread pressure pain sensitivity is associated with pain severity before and after joint replacement, it is not a predictor of the amount of pain relief that patients gain from joint replacement surgery, independent of preoperative pain severity.
Background
Osteoarthritis is a leading cause of chronic pain, and when painful osteoarthritis cannot be managed in primary care, joint replacement surgery is often performed. Total hip replacement (THR) and total knee replacement (TKR) are 2 of the most commonly performed elective surgical procedures, with increased projected demand over the coming decades. 46 Although a successful intervention for pain relief for many patients, around 10% of patients with THR and 20% of patients with TKR experience chronic postsurgical pain. 8 This pain is distressing to many of those patients affected 21 and potentially has a considerable financial implication to health care providers. 24 Given the prevalence and impact of this condition, there is a need for research to provide evidence to guide the development of a preoperative screening protocol that could be used to identify patients at high risk of not benefitting from joint replacement. These patients could then be informed of the risk and targeted with interventions to reduce their risk factor(s) or offered an alterative treatment. Research has been undertaken to identify risk factors for the development of chronic pain after joint replacement. However, this work has highlighted that little of the variation in pain severity after joint replacement can be explained by preoperative risk factors such as gender, depression, pain severity, and body mass index. 22, 23 This work also highlights the need to investigate other preoperative risk factors. Preliminary research suggests that preoperative widespread pain sensitization is associated with chronic pain after joint replacement. 31, 58 Central pain sensitization involves amplification in neuronal activity that occurs at a generalized level leading to increased sensitivity to nociceptive input at sites distant to the painful area. It is now well established that some patients with painful osteoarthritis have central pain sensitization. 4, 16, 25, 26, [29] [30] [31] 50, 57 These patients may be at higher risk of experiencing chronic pain after joint replacement, as removal of the peripheral pain source may not reverse augmented central pain-processing changes.
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Widespread pain sensitization can be assessed using quantitative sensory testing (QST). This is a noninvasive method that measures participants' responses to external stimuli of controlled intensity. Quantitative sensory testing can be used to detect a range of pain perception abnormalities, although pain sensitization is most frequently assessed through pain thresholds. A number of modalities can be used to assess pain sensitization, including mechanical, thermal, electrical, and chemical modalities. 41 However, only pressure pain thresholds (PPTs) have demonstrated good short-term test-retest reliability 56 and sensitivity for evaluating pain sensitization 50 in patients with osteoarthritis. The primary aim of this study was to investigate the association between preoperative widespread pressure pain sensitivity and long-term pain outcomes after THR and TKR. A secondary aim was to determine whether preoperative PPTs were an independent predictor of chronic postsurgical pain severity after THR and TKR.
Patients and methods
Between 2009 and 2012, 322 patients undergoing THR and 316 patients undergoing TKR were recruited into 2 doubleblind, single-center, randomized controlled trials that investigated the effect of intraoperative local anesthetic wound infiltration on pain severity at 12 months after joint replacement. A detailed description of the design of the Arthroplasty Pain Experience (APEX) trials has been previously reported. 54 Briefly, the inclusion criteria were being listed for primary unilateral THR or TKR for osteoarthritis. Exclusion criteria included inability to provide informed consent or complete questionnaires. In addition, patients with medical comorbidity which precluded the use of spinal anesthesia, regional blocks, or strong opioids postoperatively were excluded because inability to tolerate these pain-relief strategies may have influenced the trial results. The primary outcome of the trials was pain severity in the replaced joint at 12 months postoperative, measured using the Western Ontario and McMaster Universities Osteoarthritis (WOMAC) pain scale. 6 The cohort for the current analysis comprises all participants with complete information before surgery and at 12-month follow-up.
The APEX trials were approved by Southampton and South West Hampshire Research Ethics Committee (09/H0504/94), and all participants provided informed written consent.
Measurements

Exposure
Widespread pain sensitivity, measured by the assessment of forearm PPTs, was the primary exposure of interest. Preoperative PPTs were assessed at the pain-free volar forearm using a digital algometer (Somedic, Hörby, Sweden) with a 1-cm probe. Pressure pain thresholds were measured at a pain-free site distant to the osteoarthritic joint to measure widespread pain sensitivity. The probe was held perpendicular to the skin, and force was applied at a constant rate of 10 kPa/s. This rate of stimulus intensity change was used to minimize the impact of the examiners' reaction time on the recorded pain threshold values. 40 The participant was instructed by the research nurse to say "stop" when the sensation of pressure became the very first sensation of pain. Pressure algometry was repeated 3 times, and between each reading, the position of the algometer on the skin was altered very slightly to avoid sensitization of the test area. The primary exposure was a standardized average of the 3 PPT measurements. Lower PPTs represent increased widespread pressure pain sensitivity.
Outcomes
The primary outcome for this analysis was patient-reported pain severity in the replaced joint. Pain severity was assessed before surgery and at 12 months after surgery using the WOMAC pain scale. 6 The scale was administered as part of a postal questionnaire, and participants who did not respond after 2 postal reminders were contacted and asked to complete the scale over the telephone. Administration of the WOMAC scale over the telephone has been validated for collection of outcomes data. 7 The WOMAC pain scale is a validated tool that includes 5 questions asking about pain severity on (1) walking, (2) using stairs, (3) sitting or lying, (4) in bed, and (5) standing upright. Response options for each item are on a 5-point ordered response scale (none, mild, moderate, severe, and extreme). Total WOMAC pain scores were calculated as an average of all 5 items. Previous research has emphasized the importance of distinguishing between movement pain and rest pain, 43, 48 and therefore further analysis was conducted with these subcomponents of the WOMAC pain score. Movement pain was calculated as an average of WOMAC pain scale items 1, 2, and 5, and rest pain was calculated as an average of items 3 and 4. 49 
Confounding variables
Confounding factors that were adjusted for in the analyses included age at recruitment, gender, cohabitation (living alone), employment status, educational attainment (more than after 16 years of age), height, and weight. These factors were adjusted for based on the literature that suggests that demographics, 45 socioeconomic status, 5, 15 and obesity 39, 42 influence patient-reported outcomes after joint replacement. In addition, as this analysis involved analyzing the APEX trials as cohort data, all analyses were adjusted for the treatment participants received in the trial. This approach ensures that any treatment effect from the intervention does not bias the results. 
Cross-sectional/prospective analysis
Simple linear regression was used to investigate the association between average preoperative pain (cross-sectional analysis) and postoperative pain (prospective analysis) and standardized PPTs. Three adjusted models were fitted: (1) minimally adjusted for gender and randomization, (2) more fully adjusted ie, model 1 and age, height, weight, cohabitation, employment, and education, and (3) baseline adjusted ie, model 2 and preoperative pain. The analyses were repeated using the average of all 5 WOMAC pain items, WOMAC pain items associated with movement pain, and WOMAC pain items associated with rest pain. Results are interpreted as per SD increase in PPT and its association with a 1-unit change in pain on the WOMAC pain scale either preoperatively or postoperatively while holding all other factors constant.
Longitudinal analysis
Using a multilevel model, a longitudinal analysis of pain preoperatively and at 12 months postoperatively was conducted. A multilevel approach allows simultaneous investigation of the effect of PPT on preoperative pain severity and change in pain after surgery. This approach is subtly different from model 3 described in the prospective analysis, as the effect of PPTs on preoperative pain severity is not modeled. The effect of PPTs on preoperative pain was investigated by the inclusion of an interaction between the preoperative measurement occasion and standardized PPTs.
Results are interpreted as per SD increase in PPTs and the association with preoperative pain. In addition, the effect of PPTs on change in pain is also modeled by the inclusion of an interaction between standardized PPTs and time. Results are interpreted as per SD increase in PPTs and the association with change in pain from preoperative to postoperative while taking into account any effect of PPTs on preoperative pain.
To investigate the linearity of PPTs on preoperative pain and change in pain, 2 additional models were fitted. Using tertiles of preoperative PPTs, a longitudinal model was refitted with separate intercepts and a common slope. In addition, a fully stratified model of pain was fitted using 3 different intercepts and 3 different slopes. Models were compared using likelihood ratio tests.
All models are fitted using iterative generalized least squares in MLwiN (Bristol, UK) 44 using Stata runmlwin command. 28 
Results
Descriptive data
A total of 254 patients undergoing THR and 239 patients undergoing TKR had complete covariate information and were included in these analyses. Baseline characteristics of participants are provided in Preoperative total WOMAC pain scores were similar between patients undergoing THR and TKR (P 5 0.87) ( Table 2) . However, patients undergoing TKR had more severe preoperative movement pain (P 5 0.01) and patients undergoing THR had more severe preoperative rest pain (P 5 0.0024). Pain severity at 12 months after surgery was significantly higher in patients undergoing TKR compared with those undergoing THR, whether considering overall pain severity, movement pain, or rest pain (P , 0.01). The mean preoperative PPT for patients undergoing THR was 212 (SD, 98), which was similar to the mean PPT of 206 (SD, 103) for patients undergoing TKR (P 5 0.48) ( Table 2 ).
3.2. Preoperative widespread pain sensitivity and preoperative pain severity
Total hip replacement
In both the minimally and fully adjusted linear regression models, preoperative PPTs were strongly associated with preoperative pain severity (P 5 0.002 and P 5 0.001, respectively; Table 3 ). The association was negative, reflecting that higher pain severity was associated with lower PPTs ie, greater widespread pressure pain sensitivity. The same pattern of association was found using a linear mixed model (P 5 0.001; Table 4 ). When the preoperative WOMAC pain score was broken down in the subconstructs of movement pain and rest pain, preoperative PPTs were significantly associated with movement pain but not rest pain (Tables 3 and 4 ).
Total knee replacement
The patterns of associations were much weaker in patients listed for TKR than THR ( Table 3 ). In the minimally adjusted models, there was no evidence of an association of PPTs with total, movement, or rest pain before surgery (P . 0.1). However, following more complete adjustment, the strength of the association increased to borderline significance for total pain severity (P 5 0.047). Similarly, a weak association between PPTs and preoperative total pain severity (P 5 0.045), but not movement pain or rest pain, was found in the linear mixed model ( Table 4) . In the minimally and fully adjusted linear regression models, there was strong evidence of an association between preoperative PPTs and pain severity at 12 months after surgery (P 5 0.01 and P 5 0.015, respectively; Table 3 ). These models showed that lower PPTs were associated with more severe pain at 12 months after surgery. When the analyses were repeated with movement pain and rest pain, PPTs were associated with movement pain, but not rest pain, at 12 months after surgery ( Table 3) . Simple linear regressions between average PPT and total WOMAC pain scores, movement pain scores and rest pain scores, adjusted for confounding variables including gender, living alone, working status, education, height, weight, and age at recruitment in patients undergoing hip replacement (n 5 254) and knee replacement (n 5 239). The overall average WOMAC pain score was calculated using items 1 to 5, whereas average WOMAC movement pain was calculated using items 1, 2, and 5 and WOMAC rest pain was calculated using items 3 and 4. Pressure pain threshold measurements were averaged across 3 replicates and standardized using a Z-transformation. P values and CIs were based on t-distributions. 
There was no evidence of an association between preoperative PPTs and pain severity at 12 months after surgery in any of the linear regression models (Table 3) . Similarly, further analysis found that PPTs were not associated with rest pain or movement pain at 12 months postoperative ( Table 3) .
Preoperative widespread pain sensitivity and change in pain severity
Total hip replacement
After adjusting the prospective analysis for preoperative pain severity (Table 3) , the associations in the linear regression models between PPTs and pain severity at 12 months postoperative were mildly attenuated. Using a linear mixed model to fully adjust any differences in preoperative PPTs, the association between PPTs and change in WOMAC pain scores from preoperative to 12 months postoperative was investigated ( Table 4) . There was no evidence of an association between PPTs and change in total pain (P 5 0.44), movement pain (P 5 0.37), or rest pain score (P 5 0.65). Further analyses using PPT tertiles to explore the linearity of the relationship between preoperative PPTs and change in pain scores showed similar results for total, movement, and rest pain (Web Appendix, available as Supplemental Digital Content, at http://links.lww.com/PAIN/A0).
Total knee replacement
There was no evidence of any association between PPTs and change in pain score from preoperative to 12 months after TKR, using either the prospective analysis adjusted for preoperative PPTs or the linear mixed model approach (Tables 3 and 4) . This finding was the same when the analyses were repeated for movement pain and rest pain. Further analyses using PPT tertiles to explore the relationship between preoperative PPTs and change in pain scores showed similar results (Web appendix, available as Supplemental Digital Content, at http://links.lww. com/PAIN/A0). Additionally, analyses were conducted in both the TKR and THR cohort to explore the interaction of gender with preoperative pain severity, change in pain severity, PPTs and preoperative pain severity, and PPTs and change in pain severity. No strong evidence of an interaction was observed (data not shown).
Discussion
This study provides novel insight into the impact of preoperative widespread pain sensitivity on chronic pain after THR and TKR. We found a strong association between widespread pressure pain sensitivity and preoperative pain severity in a large sample of patients with advanced hip osteoarthritis (n 5 254) and a weaker association in patients with advanced knee osteoarthritis (n 5 239). Our longitudinal study design allowed us to find that the association between preoperative PPTs and pain severity still persists at 12 months after THR, but not in TKR. However, despite the association between PPTs and pain severity, we demonstrated that preoperative PPTs did not influence the efficacy of THR or TKR in providing pain relief. This finding suggests that preoperative widespread pressure pain sensitivity does not influence the amount of pain relief that patients gain from joint replacement, independent of preoperative pain severity.
Approximately 10% of patients with THR and 20% of patients with TKR report an unfavorable pain outcome between 3 months and 5 years after surgery. Why some patients develop chronic postsurgical pain is not yet clear because of the complex nature of this condition. 8 In addition to the contribution of demographic and socioeconomic factors, research has highlighted the importance of a number of potentially modifiable factors in chronic postsurgical pain, including other chronic pain conditions, 55 severity of acute postoperative pain, 2 surgical factors, 12,51 pain perception abnormalities, 31, 58 and psychosocial factors, such as depression, anxiety, stress, and pain catastrophizing. 12, 20, 35 Given the multifactorial nature of chronic postsurgical pain, future research into prevention through preoperative screening to identify patients at high risk would need to incorporate a range of potential risk factors. However, as this is an emerging field of research, the individual risk factors need to be explored in detail to determine their potential predictive value and optimal assessment methods.
The findings from our analysis of preoperative data add to the growing literature that demonstrates that higher intensity joint Table 4 Linear mixed model of WOMAC pain scores adjusted for confounding variables including gender, living alone, working status, education, height, weight, and age at recruitment in patients undergoing hip replacement (n 5 254) and knee replacement (n 5 239). pain is associated with greater widespread pain sensitivity in patients with osteoarthritis. 3, 4, 16, 37 However, we are unable to draw conclusions as to the direction of this relationship. The observed association could be interpreted in 2 ways: the severity of joint pain is heightened because of widespread pain sensitization, or widespread pain sensitization is driven by peripheral nociceptive input from the osteoarthritic joint. In support of the first theory, a study of patients with osteoarthritis found that patients with mild structural joint change but high pain had more widespread pain sensitization than patients with severe joint change and high pain, suggesting that some patients with osteoarthritis may have pain that is more driven by changes within the central nervous system than peripheral factors. 16 Another study found that there was no association between duration of osteoarthritis symptoms and the extent of widespread pain sensitization, and the authors propose the possibility that pain sensitization is a "trait" rather than a state induced by osteoarthritis pain. 37 However, the data to date have been cross-sectional and further longitudinal research is needed before causality can be determined.
There has been increasing interest in the application of QST in a surgical context. Many studies in this field have focused on the potential for preoperative QST to predict the severity of acute postoperative pain. 17 Specific to orthopedics, studies have demonstrated that preoperative QST parameters are predictive of acute postoperative pain severity 52 and morphine consumption. 34 However, with the growing recognition of chronic postsurgical pain, 32 the focus has turned toward investigating whether preoperative pain perception abnormalities are predictive of chronic postsurgical pain. This relationship has been explored in a wide range of surgical settings, including hernia repair, 1 laparoscopic cholecystectomy, 9 shoulder surgery, 19 thoracotomy, 59 and hysterectomy. 11 The findings from these studies are mixed, although some report an association between preoperative QST and chronic postsurgical pain, suggesting that increased preoperative widespread pain sensitivity may be a risk factor for chronic postsurgical pain. 19, 59 Within the context of orthopedic surgery, a number of studies have demonstrated that preoperative pain perception abnormalities normalize after successful joint replacement surgery. 3, 18, 26, 27 Regarding the investigation of the predictive value of preoperative QST parameters, only a limited number of small studies have been conducted and these have demonstrated an association between measures of widespread pain sensitization and chronic pain after joint replacement. 31, 58 However, our study demonstrates that the observed associations between preoperative QST results and the severity of chronic pain after joint replacement are because of preoperative pain severity and that widespread pain sensitization does not influence the amount of long-term pain relief that patients gain from surgery.
Our findings suggest that inclusion of widespread pain sensitization, assessed by measurement of PPTs at the forearm, would add little predictive value to a preoperative screening protocol to identify patients at high risk of not responding to joint replacement surgery. However, these findings only apply to a single QST parameter and further research is warranted to explore the potential value of other measures of pain perception abnormalities. For example, less-efficient preoperative descending pain control, measured through assessment of diffuse noxious inhibitory controls, has been found to be associated with chronic postsurgical pain after thoracotomy 59 and abdominal surgery. 53 Studies involving patients with established chronic postsurgical pain have demonstrated that these patients have evidence of hypersensitivity, facilitated temporal summation, and impaired descending pain control. 38, 47 Also, there is some evidence supporting the effectiveness of pharmacological interventions for chronic postsurgical pain that prevent the development of postoperative pain sensitization. 13, 14 Therefore, further research is needed to investigate the role of other pain perception abnormalities in the development and maintenance of chronic pain after joint replacement.
Strengths of this study include the large sample size, long-term postoperative follow-up, use of validated outcome measures to assess pain, and good rates of data collection for the PPTs and questionnaire data. Our longitudinal study design allowed us to prospectively collect data and therefore draw conclusions on causality, an advantage over previous cross-sectional studies. 38, 47 Demographic and socioeconomic factors known to influence the pain experience, such as age, gender, cohabitation, and educational attainment, were adjusted for in the analyses. The study sample population is representative of the population undergoing THR and TKR as a whole with a similar disease profile, gender mix, and age range as reported by the National Joint Registry of England and Wales, 36 and thus we believe the results to be generalizable. However, it is important to acknowledge the limitations of the study when interpreting the results. Pressure pain thresholds were measured as they have been shown to be a reliable and sensitive measure of pain sensitization in patients with osteoarthritis, 50, 56 and measurements are quick and easy to perform in a clinical setting. However, pain thresholds are a "static" measure and only assess a single point on a continuum of the pain experience. 17 Assessing dynamic responses to pain, such as through assessing temporal summation or conditioned pain modulation, may provide further insight into pain modulation processes. In terms of the statistical analysis, many patients reported no pain at 12 months after surgery; it is possible that this ceiling effect observed on the WOMAC pain score may have been masking an effect modification of QST. In addition, the creation of tertiles is somewhat arbitrary; however, there was no evidence of nonlinearity following the inclusion of higher-order quadratic terms. Finally, there are many factors that can influence chronic postoperative pain, and while theoretically, we could have accounted for more of these factors in our analyses, such as psychosocial factors, existence of other chronic pain conditions, previous joint surgery, use of analgesics and acute postoperative pain severity, model convergence becomes difficult. Therefore, we controlled for key confounding variables including demographic and socioeconomic factors.
These findings have both methodological and clinical implications. In terms of methodology, our study highlights that simple analyses investigating the association between preoperative widespread pain sensitivity and postoperative pain severity need to be interpreted with caution, as they fail to fully account for the influence of preoperative pain severity. Using longitudinal multilevel modeling approach allows for analyses to investigate the change in pain severity over time, independent of preoperative pain severity. In terms of clinical implications, our findings provide novel evidence that preoperative widespread pressure pain sensitivity is not associated with the amount of pain relief that patients gain from joint replacement, independent of preoperative pain severity. Previous research has found that preoperative pain-processing abnormalities normalize after joint replacement, suggesting that these abnormalities are maintained by peripheral nociceptive input. 3, 18, 26 Our findings support this hypothesis and provide evidence that preoperative widespread pain sensitivity is not a predictor of response to joint replacement, suggesting that this particular QST parameter would add little value to a preoperative screening protocol to identify patients at high risk of not responding to joint replacement surgery. Further research is needed to confirm
